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Edited by Ulf-Ingo Flu¨ggeAbstract Arginine decarboxylase (ADC) is a rate-limiting en-
zyme that catalyzes the ﬁrst step of polyamine (PA) biosynthesis
in Arabidopsis thaliana. We generated a double mutant deﬁcient
in Arabidopsis two ADC genes (ADC1/ADC2/) and exam-
ined their roles in seed development. None of the F2 seedlings
from crosses of adc1-1 and adc2-2 had the ADC1/ADC2/
genotype. In addition, some abnormal seeds were observed among
the ADC1+/ADC2/ and ADC1/ADC2+/ siliques. Viable
oﬀspring with the ADC1/ADC2/ genotype could not be
obtained from the ADC1+/ADC2/ and ADC1/ADC2+/
plants. These results indicate that AtADC genes are required
for production of polyamines that are essential for normal seed
development in Arabidopsis.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Polyamines (PAs), putrescine (Put), spermidine (Spd), and
spermine (Spm) are small organic compounds found in all liv-
ing organisms. Exogenous treatment of plants with PAs and
their inhibitors, and the heterologous overexpression of genes
involved in PA biosynthesis in transgenic plants have shown
that PAs play important roles in stress response, senescence,
cell proliferation and diﬀerentiation [1–6]. Enzyme activities
related to PA biosynthesis have been shown to increase during
developmental processes and responses to environmental stress
[7]. However, the exact function of PAs in planta remains un-
known. Genetic and molecular studies using mutants deﬁcient
in PA biosynthetic genes are needed to clarify the exact func-
tion of PAs in planta.
In animals, ornithine decarboxylase (ODC) is used to pro-
duce Put directly from ornithine whereas plants and bacteria
have an additional indirect arginine decarboxylase (ADC)Abbreviations: PAs, polyamines; Put, putrescine; Spd, spermidine;
Spm, spermine; ADC, arginine decarboxylase; ODC, ornithine decar-
boxylase; SPDS, spermidine synthase; SPMS, spermine synthase;
ACL5, ACAULIS5
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from Arg to Put consists of ADC, agmatine deiminase
(ADI) and N-carbamoylputrescine amidohydrolase (CPA)
[8–10]. Put is then converted to Spd by spermidine synthase
(SPDS), which adds an aminopropyl group acquired from
decarboxylated S-adenosylmethionine (dcSAM) by S-adeno-
sylmethionine decarboxylase (SAMDC). Similarly, Spd is
converted to Spm by spermine synthase (SPMS), which adds
another aminopropyl group from dcSAM. All Arabidopsis
genes involved in PA biosynthesis have been identiﬁed [8–
10]. It is known that Arabidopsis has not only no ODC
activity but also no ODC gene [11], indicating that PAs
are produced via the ADC pathway in Arabidopsis. A reces-
sive mutation in Arabidopsis ACAULIS5 (ACL5), a gene
encoding SPMS reduced stem elongation [12]. The Arabidop-
sis Spm deﬁcient mutant, acl5/spms, showed a normal phe-
notype except for reduced stem elongation [13]. These
results revealed that Spm is associated with stem elongation,
but is not essential for survival in Arabidopsis. We previ-
ously isolated a Ds insertional mutant of AtADC2 gene
(adc2-1) and found that the production of Put in response
to salt stress requires an Arabidopsis stress-inducible
AtADC2 gene [14]. However, when grown under non-
stressed conditions, the adc2-1 plants showed a normal
growth phenotype.
There are two ADC genes in Arabidopsis genome. We iso-
lated T-DNA insertional mutants for AtADC1 (adc1-1) and
AtADC2 (adc2-2) by screening T-DNA tagging lines of Uni-
versity of Wisconsin (http://www.biotec.wosc.edu/Arabidop-
sis), and generated Arabidopsis mutants deﬁcient in two ADC
genes. In the present study, we analyzed their phenotypes
and found that AtADC genes are essential for the production
of PAs that are required for normal seed development in
Arabidopsis.2. Materials and methods
2.1. T-DNA tagging mutants of the AtADC1 and AtADC2 gene
The T-DNA-tagged pool produced by Arabidopsis Knockout Facil-
ity at the University of Wisconsin (http://www.biotec.wosc.edu/Ara-
bidopsis) was screened for insertional mutants corresponding to the
AtADC1 and AtADC2 genes. Two T-DNA insertional mutant lines
were identiﬁed and subsequently named adc1-1 and adc2-2, corre-
sponding to AtADC1 and AtADC2, respectively. Seeds obtained from
these lines were grown on agar plates containing glufosinate ammo-
nium (BASTA) to select regenerated seedling containing a T-DNA
insertion. PCR primers were used to characterize the T-DNA inser-
tional lines and were designed as follows: T-DNA LB (T-DNA left
border); 5 0-CAT TTT ATA ATA ACG CTG CGG ACA TCTblished by Elsevier B.V. All rights reserved.
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3 0, ADC1Ra; 5 0-TG TTA AAC CAT GTC AAT GAG CTG TTA TA-
3 0, ADC1Rb; 5 0-TAA TCA ATC GTA CGG TGAAGA TC-3 0, ADC2
F; 5 0-AA AGA CAT TTC ACT CTA ACA ACT AGC AA-3 0, AD-
C2Ra; 5 0-AA GTG CTA AGT AGC AAA TAA ATA AAG AA-3 0.
ADC2Rb; ATC GTA CAA TGA CGA TTT TAC GAT A-3 0. T-
DNA insertional sites were determined by PCR using gene speciﬁc
primers (ADC1Rb or ADC2Rb) and a T-DNA left border (T-DNA
LB). The genotypes of the agar-grown plants were determined by
two PCR reactions. In the ﬁrst PCR, the mutant alleles were identiﬁed
using gene speciﬁc primers (ADC1Rb or ADC2Rb) and a T-DNA left
border (T-DNA LB). An 1127 bp adc1-1 fragment or 941 bp adc2-2
fragment was ampliﬁed from plants heterozygous and homozygous
for the T-DNA insertion, but not from wild-type (WT) plants. In the
second PCR, the WT alleles were identiﬁed using gene speciﬁc primers
ﬂanking the T-DNA insertion (ADC1F and ADC1Ra, ADC2F, and
ADC2Ra). PCR using these T-DNA ﬂanking primers gave rise to a
3040 bp AtADC1 gene fragment or a 3107 bp AtADC2 gene fragment
in plants that were WT and heterozygous plants for the T-DNA. There
were no bands corresponding to the AtADC1 or AtADC2 locus ampli-
ﬁed from the homozygous plants.2.2. Plant materials
For Northern blot and PA analysis, adc1-1, adc2-2, and WT (Was-
silewskija ecotype; WS) plants were grown on agar plates (containing
MS salt with 1% sucrose) under illumination (16 h of light and 8 h
of dark cycle/40–60 lmol photons/s/m2) at 22 C for 3 weeks. Three-
week-old plants were transferred to the soil and were grown under
identical conditions. For real-time PCR analyses, siliques were har-
vested 4–20 days after ﬂowering from WT (Colombia ecotype; Col-
0) plants.2.3. Generation of double mutants and analysis of F2 progeny
Double mutants for PA biosynthetic genes were produced by cross-
ing homozygous adc1-1 (ADC1/ADC2+/+) with homozygous adc2-2
(ADC1+/+ADC2/) plants. A single rosette leaf obtained from F1
plants was used for genomic DNA extraction with the Magnesil Kit
(Promega Inc., Madison, WI, USA) as described previously [15]. The
genotype of each plant was conﬁrmed asADC1+/ADC2+/ by utilizing
the following four primer pairs: (T-DNA LB-ADC1Rb, ADC1F-AD-
C1Ra, T-DNA LB-ADC2Rb, ADC2F-ADC2Ra). ADC1+/ADC2+/
plants were allowed to self-pollinate and 91 F2 seedlings were
genotyped by employing the same aforementioned four primer pairs.
However, we had no ADC1/ADC2/ mutants in 91 F2 seedlings.
The ADC1+/ADC2/ and ADC1/ADC2+/ plants were subse-
quently selected and used for the following.2.4. Analysis of F3 progeny
F3 seeds of ADC1
+/ADC2/ and ADC1/ADC2+/ were sown on
agar plates and germination rates determined. Germinated seedlings
and several seeds that fail to germinate were genotyped by PCR anal-
ysis using the aforementioned four primer pairs.
2.5. RNA isolation and Northern blot analysis
Total RNA was isolated from whole plants grown on agar plates
using a RNeasy Plant Kit (Qiagen, Tokyo, Japan) according to the
manufacturers instructions. Fractionation of total RNA by agarose
gel electrophoresis and hybridization were performed as previously de-
scribed [16].
2.6. AtADC promoter::GUS fusions and transgenic plants
AtADC promoter::GUS fusion genes were constructed and trans-
genic plants were generated as described previously [14].
2.7. GUS assay
The resulting T2 seed populations of the transgenic plants that con-
tained AtADC promoter::GUS were grown on MS plates containing
20 lg ml1 kanamycin for 3 weeks under the above described growth
conditions. Three-week-old plants were transferred to the soil and were
grown under identical conditions. Histochemical assay of GUS activity
in immature siliques and mature siliques was performed as described
by Urano et al. [14].2.8. Real-time PCR analysis
Real-time PCR analysis was conducted as described by Charrier et al.
[17] with modiﬁcation. Total RNA was isolated from siliques grown on
soil. Total RNAwas treated with RNase-free DNase (Invitrogen Corp.,
Carlsbad, CA, USA) and 250 ng was reverse transcribed to ﬁrst strand
cDNA using the oligo-d (T) primer. The ﬁrst strand cDNA produced by
the reverse transcription reaction was used as the subsequent template
in 50 ll of each ampliﬁed real-time PCR product. Real-time PCR was
carried out using the SYBR green PCR master mix and the Gene
Amp 7700 Sequence Detection System (Applied Biosystem, Foster
City, CA, USA). The absolute number of speciﬁc cDNA molecules
present in the sample was determined using Arabidopsis genome
DNA (gDNA) as a standard in ﬁve dilutions. From the size and mass
of the genome of Arabidopsis ecotype Columbia, we determined the
number of genomes present in this dilution rang as a reference for the
calculation of the number of cDNA molecules present in each sample
tested. The data were expressed as a number of Arabidopsis gDNA
per nanogram (ng) of total RNA. Since we used gDNA as a standard,
the gene-speciﬁc primers for real-time PCR analyses were designed on a
single exon by using the Primer Express 2.0 (Applied Biosystem, Foster
City, CA, USA): ADC1RealF; 5 0-AAG CGTGGT TCG CGTATTG-
3 0, ADC1RealR; 5 0-ATG CTG CAT TGC TCT GAG GAC-3 0, AD-
C2RealF; 5 0-AAG CAA CTC CCG GCG ATA TT-3 0, ADC2RealR;
5 0-TTT CGT GGT CTC CAC GCA T-3 0.
2.9. PA analysis
Free PAs were determined by high-pressure liquid chromatography
(HPLC) (Toso Co., Ltd., Tokyo, Japan). Extracts obtained from
whole plants that were grown on agar plates or dry seeds, immature
siliques (3–6 days after ﬂowering) and mature siliques (7–10 days after
ﬂowering) obtained from plants that were soil-grown were prepared as
previously described by Flores and Galston [18]. Put, Spd, and Spm
standards (Sigma Chemical, St. Louis, USA) and plant extracts were
benzoyled according to Redmond and Tseng [19]. Benzoylated PAs
were eluted using a gradient program of water and methanol according
to Urano et al. [16].3. Results
3.1. Isolation of T-DNA-tagged mutants of AtADC1 and
AtADC2
We identiﬁed two mutant lines carrying a T-DNA insertion
in the AtADC1 (adc1-1) or AtADC2 (adc2-2) gene. The T-
DNA element was inserted at nucleotide position 1141 within
the coding region of AtADC1 in adc1-1, and at nucleotide po-
sition 1364 in the coding region of AtADC2 in adc2-2 (Fig.
1A). PCR methods were used to conﬁrm the homozygocity
of adc1-1 and adc2-2 (Fig. 1B), and RNA gel blot analysis
were used to conﬁrm the loss of AtADC1 and AtADC2 tran-
script in adc1-1 and adc2-2 mutants, respectively (Fig. 1C).
Due to the high similarity of the coding sequences of
AtADC1 and AtADC2 (78% homology), we selected the 3 0
untranslated regions (UTRs) of AtADC1 and AtADC2 as
speciﬁc probes for RNA gel blot analysis. In the adc1-1
plants, the AtADC1 transcript was not detected, but the
expression level of AtADC2 was scarcely altered as compared
with the WT plants. In the adc2-2 plants, the AtADC2 tran-
script was not detected, but the expression level of AtADC1
was scarcely altered. HPLC analysis revealed no change in
PA levels in the adc1-1 plants, but a 70% reduction of Put
and a 35% reduction of Spd in the adc2-2 plants as compared
with the WT plants (Fig. 1D). These results suggest that
AtADC2 plays an important role in Put production in Ara-
bidopsis during the vegetative developmental stage. Under
normal growth conditions, no signiﬁcant diﬀerence was ob-
served in plant development between adc1-1, adc2-2, and
WT plants (Fig. 1E).
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in seed development
Although the adc2-1 mutant showed a decrease of Put and
reduced tolerance to salt-stress [14], the plants with a single
mutant of adc1-1, adc2-1 or adc2-2 showed a normal pheno-
type during growth. These data indicate that the two ADC
genes are functionally redundant for PA production. We made
genetic crosses between the adc1-1 (ADC1/ADC2+/+) and
adc2-2 (ADC1+/+ADC2/) mutants to generate a double mu-
tant, ADC1/ADC2/ that was deﬁcient in both ADC genes.
We genotyped 91 germinated F2 seedlings by PCR analysis.Nine genotypes were expected to be segregated from the
ADC1+/ADC2+/ plant, and 1/16 of the F2 seeds were ex-
pected to have the double homozygous genotype. However,
we obtained only 8 genotypes and could not detect a double
homozygous genotype from the seedlings obtained from the
ADC1+/ADC2+/ plant (Fig. 2). This result suggests that
the double mutation of AtADC1 and AtADC2 causes defective
seed development. However, this segregation ratio is too few
for the phenotype analysis of the double mutant. To further
investigate the phenotype of the double mutant, we examined
the F3 seeds from the ADC1
+/ADC2/ and ADC1/-
ADC2+/ plants (Fig. 3A). The WT siliques contained normal
seeds that were large and brown (Fig. 3A-1). However, the sil-
iques of ADC1+/ADC2/ and ADC1/ADC2+/ plants
contained approximately 75% normal seeds and 25% abnormal
seeds that were dark brown and shriveled (Fig. 3A-2 and A-3).
Thus seed development was clearly aﬀected by the double
mutation of AtADC1 and AtADC2. Furthermore, none of
the seeds with abnormal appearance germinated on the agar
plates (data not shown). To further investigate the viability
of the double mutants, we examined the germination rate of
F3 seeds from ADC1
+/ADC2/ and ADC1/ADC2+/.
One-fourth of the F3 seeds were expected to have the double
mutant genotype. If the double mutation causes defective seed
development, the ADC1/ADC2/ mutants would not ger-
minate. The hypothetical ratio of 3:1 would predict that 1/4
of the seeds would not germinate. As shown in Table 1,
114 of the 413 seeds from the ADC1+/ADC2/ plant and
110 of the 413 seeds from the ADC1/ADC2+/ plant did not
germinate on agar plates, the germination rate being 72.4%
and 73.4%, respectively. These results are in good agreement
with the 3:1 hypothesis ratio (P > 0.22 and P > 0.59, respec-
tively). Moreover, to conﬁrm that the ADC1/ADC2/
F3 seeds are not viable, we genotyped 216 seedlings
from the ADC1+/ADC2/ and 213 seedlings from the
ADC1/ADC2+/ by PCR analysis (Table 2). If the double
mutation causes defective seed development, none of the F3
seedlings would have the ADC1/ADC2/ genotype.
According to a hypothetical ratio of 2:1:0, 2/3 of the seedlings
from ADC1+/ADC2/ plants would have the ADC1+/-
ADC2/ genotype and the remaining 1/3 seedlings would
have the ADC1+/+ADC2/ genotype; 2/3 of the seedlings
from the ADC1/ADC2+/ plants would have the ADC1/-
ADC2+/ genotype and the remaining 1/3 seedlings would haveFig. 1. Characterization of the T-DNA insertional mutants (adc1-1)
of AtADC1 and (adc2-2) of AtADC2. (A) Schematic representation of
the T-DNA insertion site in the AtADC1 and AtADC2 genes. Triangles
indicate the T-DNA insertion site of the adc1-1 and adc2-2 mutants.
The boxes show the coding region of AtADC1 and AtADC2. (B)
Genotyping of adc1-1 and adc2-2. The genotypes of adc1-1 and adc2-2
were determined by the four sets of PCR reactions. The primer pairs 1
(T-DNA LB -ADC1Rb) and 3 (T-DNA LB-ADC2Rb) were employed
to conﬁrm the presence of each mutant allele. The primer pairs 2
(ADC1F-ADC1Ra) and 4 (ADC2F-ADC2Ra) were used to amplify the
fragments indicative of each WT allele. (C) Northern blot analysis of
ADC1 and ADC2 of the WT, adc1-1 and adc2-2 plants. Total RNA
samples (20 lg per lane) were prepared from plants grown on agar
plates for 3 weeks. Ethidium bromide staining of agarose gel prior to
blotting conﬁrmed the integrity of the RNA and equivalent loading of
rRNA. (D) Concentration of the endogenous PAs in WT, adc1-1 and
adc2-2 plants that were grown on agar plates for 3 weeks. Free PAs
were detected by HPLC. Mean values ± S.D. of three independent
experiments are shown. (E) Phenotype of adc1-1 and adc2-2 plants
grown on agar plates for 3 weeks.
b
Fig. 2. Generation of the ADC1/ADC2/ double mutant and the
genotype of F2 progeny. The double mutant plants were generated by
crossing the homozygous adc1-1 (ADC1/ADC2+/+) plants with the
homozygous adc2-2 (ADC1+/+ADC2/) plants. The F1 seeds were
germinated on agar plates and genotypes were conﬁrmed by employing
four sets of primers as described in Fig. 1B. The F2 seedlings were
genotyped by using the four sets of primers as described in Fig. 1B.
Although we could conﬁrm 8 genotypes of the F2 progeny, there was
no ADC1/ADC2/ double mutant.
Fig. 3. Analysis of F3 seeds in ADC1
+/ADC2/ and ADC1/-
ADC2+/. (A) Morphology of WT seeds (1), F3 seeds of the ADC1
+/-
ADC2/ (2) and ADC1/ADC2+/ (3). Triangles indicate the several
abnormal seeds in each genotype. (B) F3 seeds from ADC1
+/ADC2/
that failed to germinate were genotyped by employing four sets of
primers as described in Fig. 1B. Similar results were obtained from the
F3 seeds from ADC1
/ADC2+/ that failed to germinate.
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not be expected to exist from each genotype. As shown in Ta-
ble 2, 216 seedlings from the ADC1+/ADC2/ plants segre-
gated to 134 ADC1+/ADC2/ and 82 ADC1+/+ADC2/.
213 seedlings from the ADC1/ADC2+/ segregated to 133
ADC1/ADC2+/ and 80 ADC1/ADC2+/+. None of the
seedlings were double homozygous mutants. These ratios were
in good agreement with the 2:1:0 hypothesis ratio (P > 0.15
and P > 0.19, respectively). In addition, we analyzed the geno-
types of several seeds from ADC1+/ADC2/ and ADC1/-
ADC2+/ that did not germinate on agar plates by PCR
(Fig. 3B). All the seeds were homozygous for both adc1-1
and adc2-2 mutant alleles. Therefore, the analysis of the F3
population demonstrates that the ADC1/ADC2/ genotype
is responsible for abnormally lethal seed development.
3.3. The expression proﬁles of the AtADC1 and AtADC2 in seed
development
To examine whether AtADC1 and AtADC2 function during
diﬀerent stages of seed development, we analyzed their expres-
sion in siliques containing seeds 4–20 days after ﬂowering
(DAF) by real-time PCR analysis (Fig. 4A). Both AtADC1
and AtADC2 were expressed in siliques. There were two peaks
in the gene expression pattern of AtADC2. The ﬁrst peak of
AtADC2 expression was at 4 DAF and the expression level de-creased toward 12 DAF. The second peak started at 12 DAF
and reached the maximum level within 15 DAF, and then kept
its high level. The AtADC1 transcript level was lower than
AtADCD2. AtADC1 slightly increased toward 15 DAF and
thereafter remained at this level.
3.4. Tissue-speciﬁc expression patterns of the AtADC1 and
AtADC2 genes
To conﬁrm the expression of AtADC1 and AtADC2 in
developing seeds, we created transgenic Arabidopsis plants
transformed with the AtADC promoter::GUS fusion con-
structs (AtADCs::GUS). We analyzed the tissue-speciﬁc
expression of the GUS reporter gene of 10 transgenic plants
for each construct in immature siliques and mature siliques
by histochemical staining (Fig. 4B).
The GUS expression driven by AtADC2 promoter was de-
tected in siliques (Fig. 4B-b, c, and d), but that driven by
AtADC1 promoter was not detected (Fig. 4B-a). AtADC2 pro-
moter::GUS was highly active through the early developmental
stages of embryo, endosperm, and funiculus (Fig. 4B-b and B-
c), and remained active during embryo maturation (Fig. 4B-d).
3.5. PA levels during seed development
To conﬁrm the signiﬁcance of PAs during seed development,
we measured the PA contents in immature siliques, mature sil-
Fig. 4. Expression patterns of the AtADC1 and AtADC2 genes during
seed developmental stages. (A) Time course of AtADC gene expres-
sions in siliques as determined by real-time PCR analysis. Total RNAs
were isolated from siliques (WT) that contained seeds at 4–20 days
after ﬂowering (DAF). To determine the absolute number of speciﬁc
cDNA molecule present in the sample, we used Arabidopsis genome
DNA (gDNA) as a standard. Therefore, the data were expressed as a
number of Arabidopsis gDNA per nanogram (ng) of total RNA. Mean
values ± S.D. of three independent experiments are shown. (B)
Expression of AtADC promoter GUS in developing seeds of transgenic
Arabidopsis. (a) AtADC1::GUS activity was too low to detect in
developing seeds. (b) AtADC2::GUS activity in an immature silique. (c)
AtADC2::GUS staining in an embryo, endosperm and funiculus of
immature silique. (d) AtADC2::GUS expression in a developing seed in
a mature silique.
Table 2






No. of segregated genotype Hypothesis v2 P
ADC1+/ADC2/ F3 216 ADC1
+/ADC2/ ADC1+/+ ADC2/ ADC1/ADC2/ 2.08 0.15 = P > 0.05
134 82 0 2:1:0
ADC1/ADC2+/ F3 213 ADC1
/ADC2+/ ADC1/ADC2+/+ ADC1/ADC2/ 1.71 0.19 = P > 0.05
133 80 0 2:1:0
The data did not deviate from the hypothesis at a signiﬁcant level of P > 0.05.
Table 1
Germination of the F3 progeny from ADC1
+/ADC2/ or ADC1/ADC2+/




ADC1+/ADC2/ F3 72.4 413 299 114 3:1 1.49 0.22 = P > 0.05
ADC1/ADC2+/ F3 73.4 413 303 110 3:1 0.59 0.59 = P > 0.05
The data did not deviate from the hypothesis at a signiﬁcant level of P > 0.05.
aSeeds with cotyledons formed were regarded as germinated seeds (G) and those with no cotyledons as seeds not germinated (N).
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(Fig. 5). The levels of Put, Spd and Spm were much higher
in immature siliques than in mature siliques. Moreover, the
PA levels in mature siliques were higher than those in dry
seeds. These results indicate that PAs accumulate during early
stages of seed development.
Put level was reduced in the immature siliques of the adc2-2
mutant, and Put and Spd levels were reduced in mature sili-
ques. However, analysis of the dry seeds revealed no diﬀer-
ences between adc2-2 mutant and WT. The AtADC1
mutation increased Put level in immature siliques, but did
not aﬀect PA levels in mature siliques and dry seeds.4. Discussion
ADC is a key enzyme in PA biosynthesis in Arabidopsis,
which lacks the ODC pathway. We isolated T-DNA-tagged
mutants for the 2 genes, AtADC1 and AtADC2, which en-
code ADC in Arabidopsis. Although individual T-DNA-
tagged mutants were isolated for both AtADC1 and
AtADC2, there was no obvious phenotype in each single
mutant, adc1-1 (ADC1/ADC2+/+) or adc2-2 (ADC1+/+-
ADC2/) under normal growth conditions (Fig. 1E). To
overcome the functional redundancy and to decrease the
PA levels in mutant plants, we attempted to generate the
ADC1/ADC2/ double mutant. We could not obtain
seedlings with a ADC1/ADC2/ mutation in the F2 pop-
ulation from the crosses between adc1-1 and adc2-2, while
all other possible genotypes existed (Fig. 2). Approximately
1/4 of the seeds in siliques of ADC1/ADC2+/ and
ADC1+/ADC2/ were abnormal (Fig. 3A). Moreover, we
could not obtain seedlings with the ADC1/ADC2/ geno-
type from ADC1/ADC2+/ and ADC1+/ADC2/ plants
(Tables 1 and 2). The seeds that fail to germinate had the
ADC1/ADC2/ genotype (Fig. 3B). These results showed





















































Fig. 5. PAs contents in dry seeds, immature siliques and mature
siliques of wild type (black), adc1-1 (gray) and adc2-2 (white). Free
PAs were detected by HPLC analysis. Mean values ± S.D. of three
independent experiments are shown.
1562 K. Urano et al. / FEBS Letters 579 (2005) 1557–1564the lethal phenotype in seeds. Therefore, it is possible that at
least one ADC gene is required for PA production in seed
development. To clarify the role of PAs in seed develop-
ment, we additionally investigated the expression proﬁles
of ADC genes and PA contents during seed development.
As shown in Fig. 4A, we found a strong peak of AtADC2
expression in the late stage of seed development, which
may be related to seed maturation and desiccation process.
AtADC1 was also increased slightly at the late stage of seed
development. These results suggest that AtADC genes func-
tion at the late stage of seed development. However, the lev-
els of all PAs were higher in immature siliques than in
mature siliques or dry seeds (Fig. 5). We previously detected
high levels of PAs in the early stage of sexual development
such as in ﬂowers, buds, and immature siliques in Arabidop-
sis [16]. In tobacco ovary tissues, changes in biosynthesis of
PAs were associated with postfertilization growth and devel-opment such as macromolecular synthesis and cell enlarge-
ment [20]. These results indicated that PAs are involved in
the early stage of seed development. The change of Put level
was not correlated with the AtADC2 expression during seed
development, while Put production was shown to be regu-
lated by AtADC2 mRNA level in leaves [16]. Thus, PA lev-
els might be regulated in diﬀerent ways during the vegetative
stage and sexual stage. Since AtADC2::GUS is expressed in
the embryo from an early stage to mature stage (Fig. 4B),
PAs are produced in the embryo and play important roles
during seed development. Seed development is characterized
by an embryo growth phase and seed maturation phase [21].
In carrot cells, the inhibition of the ADC pathway by high
concentrations of DFMA causes a complete inhibition of so-
matic embryogenesis as well as growth [22]. By contrast, car-
rot cells with an overexpressed human ODC gene showed a
high degree of somatic embryogenesis [23]. Moreover, exog-
enous Put also showed a high degree of somatic embryogen-
esis in eggplant [24]. In general, these results suggest that
PAs play an important role in the embryo growth phase.
Put also increases in response to drought and high salinity
[16], and has been found to be required for the salt tolerance
in Arabidopsis [14]. ABA is a phytohormone that plays
prominent roles in various physiological processes including
the acquisition of seed dormancy, desiccation tolerance and
adaptive responses to environmental stress in vegetative tis-
sues. ABA accumulates during seed development as well as
during dehydration in vegetative tissues [25]. The accumula-
tion of PAs in the siliques and seeds (Fig. 5), as well as dur-
ing dehydration in the vegetative tissue [16], suggest that
PAs play an important role during the seed maturation
phase. These possibilities led us to speculate that the PAs
function in the embryo growth phase and/or seed matura-
tion phase. However, our attempt to grow the immature
embryo in siliques of ADC1/ADC2+/ and ADC1+/-
ADC2/ on agar plates containing exogenous Put to rescue
the double mutant failed (data not shown). These data sup-
port the notion that PAs function in early seed development
and most likely during an embryo growth phase. Based on
these results, the reduction of PA formation in developing
seeds by ADC double mutation had a negative eﬀect for
seed development. A complementation experiment using
the ADC gene with an inducible promoter is needed to ana-
lyze clearly the PA function in seed development.
Which PA is important for seed development, Put, Spd,
and Spm or all the PAs? Studies in yeast using PA deﬁcient
mutants have already shown that the spe1 mutant, which is
defective in the ODC gene, cannot grow in the absence of
amines [26,27]. ODC is the rate-limiting enzyme for the pro-
duction of Put in yeast. Further analysis revealed that Spd is
speciﬁcally required for yeast growth [28]. In higher plants,
the Spm deﬁcient mutant, acl5/spms, did not show abnormal
phenotype except for reduced stem elongation and thereby
indicated that Spm is not essential for seed development in
Arabidopsis [13]. Therefore, it is possible that the lethal phe-
notype of the ADC1/ADC2/ mutant during seed devel-
opment may be due to deﬁciency of Put and/or Spd.
A double mutant of Arabidopsis 2 SPDS genes was recently
shown to have an embryo lethal phenotype caused by deple-
tion of Spd and/or overaccumulation of Put [29]. In the SPDS
double mutant, embryogenesis was arrested at the heart to tor-
pedo transition stage, and abnormal dark brown seeds were
K. Urano et al. / FEBS Letters 579 (2005) 1557–1564 1563observed in the maternal siliques at 9 days after pollination.
We could not ﬁnd any abnormal dark brown seeds in the
ADC1/ADC2+/ and ADC1+/ADC2/ siliques at 9 days
after pollination, whereas we observed abnormal seeds in dry
siliques (Fig. 3A). The phenotype of the ADC double mutant
is diﬀerent from that of the SPDS double mutant in seed devel-
opment, but both double mutants eventually did not survive.
The diﬀerential in phenotype between the ADC double mutant
and the SPD double mutant might be due to Put level. The le-
vel of Put in seeds might aﬀect developing stages of the lethal
phenotype between the two mutants. We have no proof that
reduction or overaccumulation of Put is not important for seed
development. However, phenotype analysis of the ADC double
mutant and SPDS double mutant demonstrated that Spd is an
important factor in seed development and that the lethal phe-
notype in both mutants is due to Spd deﬁciency.
Gene expression ofAtADC1 andAtADC2was not correlated
with PA contents in adc1-1 and adc2-2 mutants. PA biosynthe-
sis is regulated at various levels, such as transcriptional, trans-
lational, and post-translational levels, and/or by feed back
control. During the vegetative stage, 75% of Put and 25% of
Spd levels of the WT plants were reduced in the adc2-2 mutant
(Fig. 1D). Studies with the adc2-1 mutant gave similar results
[14]. These results suggest that AtADC2 is a key gene for pro-
duction of Put in Arabidopsis. Although no AtADC1 transcript
was detected in adc1-1 (Fig. 1C), the PA levels were increased in
immature siliques and unaﬀected in mature siliques and seeds
(Fig. 1D). This observation enabled us to predict several possi-
bilities for PA biosynthesis. The ﬁrst possibility is that AtADC1
and AtADC2 are post-transcriptionally regulated. Watson
et al. [30] isolated Arabidopsis mutants with reduced ADC
activity, spe1 and spe2. Mirza et al. [31] also isolated another
semi-dominant mutant spe3-1D, which had high ADC activity
and reported that neither spe1 nor spe3-1D mutations were
mapped on the ADC1 or ADC2 loci. They speculated that the
spe1 and spe3-1D gene products might function in the post-
transcriptional regulation of ADC activity in Arabidopsis.
Concluding these results, the negative regulator at the post-
transcriptional level could reduce the AtADC1 protein, but this
regulation would be canceled to accumulate Put in adc2-1 and
adc2-2. By contrast, positive regulator could activate the
AtADC2 protein to accumulate Put in adc1-1. The second
possibility is the tissue speciﬁcity of 2 ADC genes. AtADC1 ex-
pressed only in the basal region of the leaf, whereas AtADC2
expressed in the vascular tissue of the whole plant [14].
In conclusion, the present study showed that the double
mutation of AtADC1 and AtADC2 causes defective seed devel-
opment. At least 1 ADC gene was considered to be required
for PA production, which is essential for seed development
in Arabidopsis.
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